Introduction {#S0001}
============

Elucidating the mechanisms that control how cells sense and respond to biomaterials surfaces has been the focus of a large body of literature in the past three decades.[@CIT0001]--[@CIT0007] Results from these studies have unequivocally established that physicochemical properties such as roughness, topography, surface chemistry, energy and stiffness, direct cell fate by affecting key phenomena including adhesion, proliferation, differentiation, gene and protein expression.[@CIT0008]--[@CIT0011] Among the factors known to control cellular events, nano-topographical features play a pivotal role by exerting direct cueing on adherent cells.[@CIT0002],[@CIT0009],[@CIT0010],[@CIT0012]--[@CIT0017] Based on this evidence, much effort has been invested in the design of synthetic nanostructured substrates to support the investigation of the interplay between nano-topographical cues and cellular functions.[@CIT0002],[@CIT0010],[@CIT0012],[@CIT0013],[@CIT0015],[@CIT0018] Among the panoply of techniques developed to nanostructure biomaterials, anodization has rapidly emerged as a simple but effective electrochemical treatment to create bioactive nanostructures composed of arrays of aligned nanotubes on titanium, the gold standard in medicine.[@CIT0018]--[@CIT0021] The design of morphological parameters, mainly nanotube diameter, has been achieved through the modulation of experimental parameters (i.e., anodization voltage and time, composition of the electrolytic solution), permitting to rationally engineer nano-topographical features and assess their influence on cellular events.[@CIT0022],[@CIT0023] This allowed the determination, for example, that the inductive differentiation of hematopoietic stem cells into osteoclasts, as well as the proliferation of primary human osteoblast and rat mesenchymal stem cells, are enhanced on 15 nm wide nanotubes.[@CIT0024],[@CIT0025] Conversely, nanotubes larger than 50 nm dramatically reduce rat mesenchymal stem cell activity and induced apoptotic programmed cell death.[@CIT0025] More recently, human adipose-derived stem cells showed a diameter-dependent proliferation and differentiation elicited by nanotubes within a 30--45 nm diameter range.[@CIT0026] Taken together, these studies indicate that smaller nanotube diameters provide beneficial effects on many stem cell functions when compared to larger nanotubes. However, the conclusive modelling of stem cell response to nanotubular surfaces is still a controversial subject as additional cellular processes critical in stem cell functions are favoured by larger nanotubes, thereby calling for further investigation to address these discrepancies.[@CIT0027]--[@CIT0029] In particular: (i) diameters ranging from 70 to 100 nm elicit a tenfold increase in human mesenchymal stem cell (hMSC) elongation and differentiation into osteoblast-like cells,[@CIT0030] (ii) 100-nm diameter nanotubes promote greater differentiation of mouse bone marrow mesenchymal stem cells (mMSCs) when compared to 30 nm tubes,[@CIT0031] (iii) 65--85 nm nanotubes provide the optimal substrate for the proliferation and osteogenic differentiation of human adipose-derived stem cells (hADSCs)[@CIT0026],[@CIT0032] and (iv) mouse bone marrow stromal cells (BMSCs) responded to 100-nm nanotubes with increased osteogenic differentiation compared to 30-nm nanotubes.[@CIT0033] Although these inconsistencies may be due to the specific attributes of different cell lines employed in these studies (e.g., source tissue, species, donor-donor variation), there is undoubtedly morphology-dependent cueing exerted by nanotubes on cellular processes that warrants a more stringent investigation.

Notably, while seminal work has focused on nanotube diameter as the sole independent variable to explain the cell response to nanotubular surfaces, several yet potentially equally important morphological (e.g., inner-tube eccentricity and inter-tube spacing) and spatial parameters (e.g., geometric arrangement) were overlooked. The latter is especially critical for human mesenchymal stem cells as symmetry and disorder in circular nanopit arrays have been shown to influence hMSC functions.[@CIT0034] In fact, it was shown that nanoscale disorder induces osteogenic differentiation and subsequent bone production in the absence of osteogenic supplements. Conversely, ordered nano-topographies limit cellular adhesion and osteoblastic differentiation. Accordingly, it could be conceived that prior contradicting results with nanotubular surfaces derive from lack of comprehensive characterization of nanostructures beyond the diameter and, more importantly, from the absence of stringent quantitative analysis of spatial statistics, given the principal role of symmetry and disorder.[@CIT0035] Therefore, a cohesive protocol which comprehensively includes morphological and spatial analyses for stem cell-nanotube interactions is expected to provide the key to interpret cellular behaviour on anodized titanium and to unify the approach for the investigation of not only nanotubular surfaces, but also of any substrate characterized by arrays of circular/oval pits.

Anodization has also proven to be a versatile and inexpensive method to generate complex self-assembled structures with the precise control over the surface features through modulation of key parameters and procedures (e.g., multistage protocols), permitting the distinctive advantage of fabricating hierarchical architectures (e.g., double-walled structures, nanorods, and nanowires).[@CIT0019] Among these, morphologies such as lotus root-shaped/honeycomb structures[@CIT0036]--[@CIT0039] present a unique opportunity for a paradigm shift in the biomedical field, where synthetic multiscale architectures are increasingly explored to generate complex 3D-environments and geometries to support and regulate cellular activity.[@CIT0040],[@CIT0041]

In this work, we aimed at bridging the gap in previous literature by introducing a series of morphological and spatial analyses for the characterization of nanotubular architectures, culminating in the descriptive analysis of nanotubular surfaces towards a cohesive investigation of cell-nanotube interactions. To this end, we investigated three nanotubular arrays with variable nanotube diameters and a two-tiered honeycomb structure. Successively, we carried out morphological and spatial analysis (e.g., Voronoi entropy) to quantify the tubular geometry, arrangement as well as degree of order for these architectures. Our experimental data was validated by computational simulations to provide greater insight into the role of morphological parameters and spatial statistics. Subsequently, we evaluated the effects of the four surfaces on hMSC bioactivity (i.e., proliferative and morphological analyses) and osteogenic induction (e.g, commitment to osteogenic differentiation and bone mineral quality). Results from our study (i) highlight the importance of including additional morphological analyses and spatial statistics in the characterization of nanotubular surfaces for the purpose of enhancing the validity of cross-study comparisons, (*ii*) provide a comprehensive correlation between a multifactorial array of these parameters and hMSC activity extending from adhesion to bone mineral deposition, and lastly (iii) report the synergistic effects elicited by the HC architecture.

Materials and Methods {#S0002}
=====================

Nanotubular Arrays and Two-Tiered Honeycomb (HC) Structure {#S0002-S2001}
----------------------------------------------------------

Titanium foil (0.127 mm thick, 99.9+% purity, Alfa Aesar, USA) was cut into 2.5x1 cm pieces, ultrasonically cleaned in toluene, rinsed with deionized (DI) water and finally dried in air. Samples were then subjected to a two-step anodization procedure in an electrolyte solution containing 0.3 wt% crystalline ammonium fluoride (NH~4~F, Sigma Aldrich, USA) and 2 wt% DI water in anhydrous ethylene glycol (C~2~H~6~O~2~, Sigma Aldrich). A two-electrode configuration was used to carry out the anodization treatments with a platinum foil counter electrode (25x25x0.1 mm, 99.9%, Alfa Aesar). A custom 3D-printed apparatus for reliable electrode alignment ([Figure 1A](#F0001){ref-type="fig"}) was designed in Fusion360 (Autodesk, USA) and printed with 1.75 mm PLA filament (AMZ3D, USA) on an I3 Mega S (ANYCUBIC, China). The apparatus was designed to fit atop of a 50 mL Pyrex beaker, containing exactly 30 mL of the electrolyte solution, and retained a stable distance between the electrodes of 2 cm to ensure consistent results,[@CIT0042] without contamination of the alligator clips by the solution. After the first step of anodization, samples were rinsed with DI water, dried in air and the oxide layer peeled off with tape to expose the newly formed nucleation sites for the subsequent generation of nanotubes during the second anodization step ([Figure 1B](#F0001){ref-type="fig"}). The formation of nucleation sites resulted in the fabrication of nanotubular substrates with a higher degree of order, compared to those obtained by one-step anodization.[@CIT0043] Samples were thoroughly rinsed in DI and dried prior to being cut into two pieces of 1x1 cm. [Table 1](#T0001){ref-type="table"} contains the applied voltages and times for the fabrication of nanotubular surfaces characterized with average diameters \~20, \~50 and \~90 nm (hereafter referred to as NT1, NT2 and NT3, respectively) as well as the two-tiered honeycomb surface (hereafter referred to as HC) composed of arrays of smaller nanotubes (s-HC) clustered within larger domains (L-HC). Figure 1Nanotube generation, imaging and structural analyses. (**A**) Custom-made set up for anodization (**B**) Protocol of substrate generation via a two-step anodization process. (**C**) SEM images of the nanotubular surfaces categorized as NT1, NT2, NT3 and HC. (**D**) Diameter and (**E**) inter-tube wall thickness distributions. (**F**) Eccentricity analysis of nanotube morphology (bottom) with relative comparison across conditions (top). KW-ANOVA statistical comparison with \*\*\* = P\<0.001 against all other conditions. (**G**) 3D-AFM micrograph of the HC surface. (**H**) Representative line profile derived from AFM images to quantify the vertical gap (Δh). Statistical significance was defined as \*\*\*=P\<0.001. Table 1Experimental Parameters Used to Create Nanotubular Arrays (NT1, NT2 and NT3) and the Dual-Layer Honeycomb Structure (HC)ConditionNT1NT2NT3HCStep 1Voltage (V)30406060Time (Min)60453030Step 2Voltage (V)30406020Time (Min)5251020

Morphological Characterization {#S0002-S2002}
------------------------------

The surface morphology of anodized substrates was investigated by using a Scanning Electron Microscope (6610LV SEM, JEOL, Japan) at 45,000X magnification. SEM images were successively analyzed by the image analysis software Fiji[@CIT0044] and by a custom CellProfiler pipeline[@CIT0045] to quantify average nanotube diameter, eccentricity, wall thickness as well as nearest neighbour distance (NND).

The topography of the HC surfaces was characterized by a Dimension AFM instrument (Veeco Instruments, New York, USA) in tapping mode. We employed a rectangular Si~3~N~4~ cantilever characterized by a nominal spring constant (*k*) of 42 N**⋅**m^−1^, resonance frequency (*f*) of 330 kHz and a non-rotated pyramid tip with a nominal radius of 10 nm (PPP-NCHR, Nanosensors, Switzerland). Data were subsequently processed and analyzed in WSxM for the step-height along the z-axis between the two nanotubular domains of the HC surface.[@CIT0046]

Spatial Analysis and Entropy Simulations {#S0002-S2003}
----------------------------------------

SEM micrographs were subjected to a custom CellProfiler pipeline, involving the erosion of the nanotube apertures to their respective centroids, followed by 2D Voronoi tessellation to generate the experimental planar tiling for subsequent analysis. Surface Voronoi entropy (*S~v~*) was calculated as a metric of systemic order, defined by $\documentclass[12pt]{minimal}
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$${S_v} = - \mathop \sum \limits_n {P_n}ln{P_n}$$
\end{document}$, where *P~n~* is the fraction of polygons with *n* sides.[@CIT0047],[@CIT0048] Data were recorded and processed in OriginPro software (OriginLab, USA).

Different experimentally observed effects have been reproduced in simulations with Mathematica (Wolfram, USA) to investigate possible simple relations between the nanotubes' distributions, geometric patterns and the collective measure quantified by the entropy. Details are provided in the [[Supplementary Information](https://www.dovepress.com/get_supplementary_file.php?f=238280.docx)]{.ul} and [[Figures S1-S8](https://www.dovepress.com/get_supplementary_file.php?f=238280.docx)]{.ul}.

Contact Angle Measurements {#S0002-S2004}
--------------------------

The static water contact angle was measured with a VCA Optima Surface Analysis System (AST Products Inc., USA). A 1 µL drop of DI was deposited through a micro-syringe (Hamilton Company, USA) onto the substrates. Manual angular measurement of the droplet was performed to ensure accuracy prior to the automated measurement of the angle. Three droplets per sample were measured, and measurements were carried out on three samples per condition.

Cell Cultures and Immunofluorescence Imaging {#S0002-S2005}
--------------------------------------------

### Bone Marrow-Derived Human Mesenchymal Cells (hMSCs) Cultures {#S0002-S2005-S3001}

Three different sources of bone-marrow-derived human mesenchymal stem cells (hMSCs) were obtained by two distributors (Lonza, USA and RoosterBio, USA) to account for donor variability. hMSCs from RoosterBio (Lot. 00014; Lot. 00082) were expanded in High-Performance Media (RoosterBio) and were thawed in similar media. hMSCs from Lonza (Lot. 603525) were expanded in Mesenchymal Stem Cell Growth Medium BulletKit (MSCGM, Lonza) and were thawed in similar media. Experiments were performed with low-passage hMSCs (≤P5) cultured in DMEM with 4.5 g**⋅**L^−1^ glucose and L-glutamine (Corning, USA), supplemented with 8% fetal bovine serum (FBS, Gibco, USA), 100 U**⋅**mL^−1^ penicillin and 100 µg**⋅**mL^−1^ streptomycin (Gibco). The culture was maintained in a 5% CO~2~, 37 °C water-jacketed incubator. Cells were passaged with 1x TrypLE (Gibco) and suspension to be used for experiments were treated with 50 µg**⋅**mL^−1^ Soybean Trypsin Inhibitor (Sigma-Aldrich) prior to seeding.

Nanotubular substrates were sterilized in 70% ethanol (EtOH) and thoroughly washed in sterile 1x-PBS, prior to use in cell culture experiments. They were placed in 24-well plates and 500 µL of the cell suspension was added to each well at a density of 10,000 cells⋅cm^−2^. Cells for proliferation, morphology, focal adhesions (FAs) and bone mineral deposition studies were cultured on the nanotubular substrates for the experiment-specific time periods, ranging from 6 hours (h) to 28 days. Timepoints within the first 48 h were used for morphological analyses as these intervals provide insight into the initial cell-substrate effects, prior to differentiation-induced transformations. These experiments were terminated by cellular fixation with 500 µL of fresh 4%-paraformaldehyde (PFA, Sigma-Aldrich) for 10 minutes at room temperature. Analysis of mineral quality was assessed at 28 days (*i*) for consistency with previous work,[@CIT0026],[@CIT0030],[@CIT0049] and (*ii*) to provide sufficient time for the mineral to be deposited and to undergo maturation (e.g., the substitution of carbonate in hydroxyapatite).[@CIT0050] These experiments were terminated by the removal of cell media and incubation within a desiccator to eliminate cell function while preserving the deposited minerals for spectroscopic analysis. All experiments were performed with 3 samples per condition, per time point, and were completed in triplicate.

For fluorescent imaging, cells were permeabilized with 0.25% Triton X-100 (TX-100, Sigma-Aldrich) for 10 minutes at room temperature (RT) and labelled for nuclei (ReadyProbes NucBlue \[DAPI\], Thermo Fisher) and actin (Rhodamine Phalloidin, Thermo Fisher). To visualize focal adhesions, samples were blocked in 1%-albumin/10%-normal goat serum (Thermo Fisher) for 1 h at RT. Vinculin was labelled with a primary 1:400 anti-hVin1 mouse mAb (Sigma-Aldrich) and secondary 1:800 AlexaFluor 488 goat-anti-mouse IgG (Thermo Fisher). Primary antibody was an overnight incubation while blocking and secondary antibody incubations were for 1 h each at RT. Samples were washed and mounted on \#1.5 VistaVision rectangular cover-glass slides (VWR, USA) with VECTASHIELD Vibrance (Vector Labs, USA) hard-set mounting media.

### Immunofluorescence Imaging {#S0002-S2005-S3002}

Multi-channel images, used in the quantification of nuclei number and cytoskeletal morphological analysis, were captured with an AxioObserver.Z1 inverted microscope (Zeiss, Germany) fitted with an AxioCam MRm CCD (Zeiss). Nuclei were imaged using 5x5 tiles visualized through a 10x A-Plan objective (Ph2, NA=0.25, Zeiss). Cytoskeletal elements were observed using 5x5 z-stack tiles, visualized through a 20x Plan-Apo objective (Ph2, NA=0.8, Zeiss). Morphological analysis of the nuclei and focal adhesions was observed through at 40x PL APO Oil objective (NA=1.3, Leica) with a Quorum Spinning-disk Confocal setup (Quorum Technologies, Canada) affixed to a Leica BMI16000B inverted microscope (Leica Microsystems, Germany), complemented by a Photometrics Prime BSI sCMOS \[95% QE, back illuminated\]. The setup was driven by MetaMorph software (Molecular Devices, USA).

Cell count was determined by quantifying the number of DAPI-stained nuclei on each surface with a custom CellProfiler pipeline. Cell count was then normalized against the average cell number per experiment, thereby generating the cell proliferation index (CPI). This was done to reduce inter-experiment variability. Nuclear and actin morphological analysis were achieved by stitching and focus-stacking the panels in Fiji ("Stack Focuser" package) ahead of their processing in a custom pipeline in CellProfiler. Key morphological parameters were the object area, eccentricity, form factor and protrusive index. The index of eccentricity (*e*), an ellipse model of circularity, was measured for both nanotubes and cells. It is calculated by determining the ratio of the distance of the focal length of the ellipse and the major axis length.[@CIT0045] This entails that a perfectly circular object has *e*=0 and a line segment *e*=1. Form factor (*F~f~*), a measure of shape irregularity, was measured and is defined as $\documentclass[12pt]{minimal}
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\end{document}$ where *A* is the area and *P* is the perimeter.[@CIT0045] A perfectly round object has an *F~f~*=1 whereas jagged contours yield *F~f~*\<1. For consistency with previous work,[@CIT0051] the form factor for the cellular and nuclear morphologies was labelled as the "cell shape index" (CSI) and "nuclear shape index" (NSI), respectively. The measure of "extent" was used as an indicator of protrusion, herein termed the "cell protrusive index" (CPI), and is calculated by the proportion of area in a surrounding bounding rectangle covered by the cell; where perfect coverage would be =1. In the case of elevated protrusiveness, the great number and length of anisotropic protrusions would widen the bounding box without shared isotropic spreading of the cell body, thereby lowering the CPI (i.e., elevated protrusion = lower CPI). Images used for focal adhesion analysis were subjected to a custom macro in Fiji--ImageJ that included focus stacking, background subtraction ("Rolling Ball Background Subtraction") and contrast enhancement ("Contrast Limited AHE", CLAHE) packages. Peripheral focal adhesion length was then manually measured in FIJI--ImageJ. All resultant data was compiled and processed in GraphPad Prism (GraphPad Software, Inc.) or OriginPro.

Raman Spectroscopy {#S0002-S2006}
------------------

Raman spectroscopy was employed to characterize the crystallinity of the nanotubular layers as well as the physicochemical properties of bone mineral deposited by hMSCs after 4 weeks of culture. To this end, a WITec Alpha 300 Raman microscope was used. The crystallinity was determined by focusing a 532 nm frequency-doubled Nd:YAG laser through a 20x EC EpiPlan objective (NA=0.4, Zeiss) on the surface of the nanotubular substrates, with a 30-second acquisition time. The assignment of Raman bands for anatase and rutile titania peaks was carried out in accordance with previous literature.[@CIT0052]

For the analysis of bone mineral, substrates were collected after 28 days of culture directly from the 24-well culture plate and gently rinsed in DI water to remove the excess of culture media prior to Raman measurements. Successively, Raman spectra were acquired by using a 100x EC EpiPlan NEOFLUAR objective (NA=0.9, Zeiss) and a 785 nm diode laser with a 240-second integration time and double acquisition to enhance the signal-to-noise ratio. Three different substrates per condition were used, and experiments were carried out by analyzing samples that were derived from two independent cultures. Randomly selected mineral nodules were analyzed in situ, directly on each substrate to minimize perturbations associated with the collection of organic/inorganic material from the substrates. The number of mineral nodules analyzed per condition was dictated by the ease at which these could be identified on the substrates by optical microscopy and by the quality of the resulting Raman signature to ensure accurate peak deconvolution. Raman data were compiled and processed in OriginPro.

The principal Raman mineral bands used for quantitative analysis include the phosphate (PO~4~^3-^) ν1 band at \~960 cm^−1^ and the B-type carbonate (CO~3~^2-^) ν1 band at \~1070 cm^−1^.[@CIT0053]--[@CIT0056]  The position and intensity of these bands provide information about mineral parameters such as crystal structure and deviations from stoichiometry. The most relevant Raman collagen bands to assess bone mineral quality are the amide I at \~1660-1680 cm^−1^, the hydroxyproline bands at 855 cm^−1^ and 875 cm^−1^ and the amide III at 1245--1270 cm^−1^. The position, intensity, area and width of these bands are sensitive to changes in protein structure.[@CIT0057],[@CIT0058] In this study, the surface-induced alterations of the bone mineral were investigated using three metrics: mineral-to-matrix ratio, carbonate-to-phosphate ratio and crystallinity. The analysis of spectral data requires quantification of peak parameters, such as position, the inverse of full-width-at-half-maximum (1/FWHM) and peak area. This was achieved by fitting the spectra with Lorentzian functions after background subtraction. Mineral-to-matrix ratio, a measure of the mineral content in bone, was calculated as the ratio of the integrated area of the bands located at 900--1000 and 1590--1720 cm^−1^. Carbonate-to-phosphate ratio, which denotes the carbonate content of the mineral in the bone specimen, was calculated as the intensity ratio of the carbonate ν1 (1070 cm^−1^) to phosphate ν1 (960 cm^−1^) peaks. Mineral crystallinity, which depends on the disorder in the bone structure, was calculated from the 1/FWHM of the phosphate ν1 band (960 cm^−1^).[@CIT0059]--[@CIT0062]

Statistical Analysis {#S0002-S2007}
--------------------

All experiments in this work were repeated in triplicate with at least three samples/condition. Bar charts are expressed as the mean with a 95% confidence interval (CI). Data sets were tested for normality using the Shapiro--Wilk test. Normal data sets were tested with the parametric Two-Way ANOVA with Tukey's HSD post-hoc test for mean comparisons. A difference was considered significant if P\<0.05. Statistical significance was defined as \*=P\<0.05, \*\*=P\<0.01 and \*\*\*=P\<0.001. A comparison of distributions was completed using the non-parametric Kolmogorov--Smirnov (K-S) statistical test,[@CIT0063] where the deviations between cumulative fraction functions are compared. Quantitative Raman data, which were confirmed for normality, were subsequently tested with Welch's *t*-test which is the recommended statistical method due to the unequal variances (confirmed with Bartlett's test) and unequal sample sizes.[@CIT0064] Statistical significance was defined \*=P\<0.05, \*\*=P\<0.01 and \*\*\*=P\<0.001. Analyses were performed with GraphPad Prism and OriginPro.

Results and Discussion {#S0003}
======================

Surface Characterization {#S0003-S2001}
------------------------

### NT Morphological Analysis {#S0003-S2001-S3001}

We have capitalized on the distinctive potential of anodization to engender self-ordered nanotubular substrates for the investigation of the interplay between differently sized nanotubes and bone-derived human mesenchymal stem cells. Specifically, a two-step anodization protocol was employed to generate arrays of titania nanotubes, and rational variations in treatment parameters (i.e., time and voltage; [Table 1](#T0001){ref-type="table"}) allowed us to modulate the resulting morphology ([Figure 1C](#F0001){ref-type="fig"}). These surfaces were generated with matched voltages between each anodization step to enable the growth of aligned nanotubes with superior order from well-defined nucleation sites formed during the first stage.[@CIT0037],[@CIT0039] In an effort to investigate, for the first time, synergistic/antagonistic effects elicited by hierarchical nanotubular structures, we engineered a two-tiered surface characterized by clusters of smaller nanotube assemblies confined within larger domains. We first generated the first nanotubular layer with a voltage associated with the NT3 condition (60 V), with the intention to generate discrete regions for concentrated and clustered nanostructure growth in the subsequent stage. After the removal of the first stage oxide layer, which exposed the newly formed nucleation sites, the second stage nanotubular layer was generated with a voltage associated with the NT1 condition (20 V). The resulting two-tiered honeycomb architecture (HC) was successfully imaged by SEM ([Figure 1C](#F0001){ref-type="fig"}) and was found to be comprised of clusters of 5--7 smaller nanotubes (s-HC) contained within larger domains (L-HC).

Image analysis of the SEM micrographs confirmed the expected relationship between the applied voltage and nanotubes' lumen diameters,[@CIT0037] with voltages of 20, 40 and 60 V resulting in mean diameters of 21, 54 and 92 nm (labelled as NT1, NT2 and NT3, respectively). A descriptive evaluation of the HC architecture established that s-HC domains (mean diameter of 21 nm) are enclosed within larger L-HC boundaries (mean diameter of 108 nm). Therefore, while the s-HC nanotube array is identical, diameter-wise, to the NT1 surface, the L-HC was significantly larger than the NT3 nanotubes. In order to quantify these observations, we carried out the Kolmogorov--Smirnov (K-S) testing on the diameter distributions ([Figure 1D](#F0001){ref-type="fig"}) and confirmed both the observed difference between the NT3 and L-HC domains (K-S, P\<0.001) and the similarity between NT1 and s-HC domains (K-S, P=0.5842). This allowed us to maintain consistency for at least one morphological variable for the comparison between the NT1 surface and the HC architecture. This was particularly critical for the interpretation of cell behaviour the HC architecture. Ultimately, this has permitted us to single out variations in cellular response exclusively induced by other variables, including order and clustering of these \~20 nm features as well as the presence of the overlaying L-HC array.

### Spatial Organization of NTs {#S0003-S2001-S3002}

To complete the morphological characterization, we quantified the inter-tube spacing which, due to the continuous nature of our surfaces, can thereby be referred to as the shared wall widths between the nanotubes. This is opposed to common free-standing nanotubes where a gap, which is often disregarded, exists between the discrete walls of neighbouring tubes. Distributions of these widths are shown in [Figure 1E](#F0001){ref-type="fig"}. NT1 and NT2 displayed mean values of 42--44 nm, while NT3 was characterized by significantly narrower walls at \~29 nm. In this context, Biggs et al. indicated that focal adhesion formation occurs in the interpit region.[@CIT0034] In addition, it was shown that integrin clustering and the subsequent cellular adhesion improve as the interpit separation increases, identifying optimal effects for \<70 nm.[@CIT0065] This work conforms with our working hypothesis that, at the nanoscale, the order of interpit features (i.e., spacing) play an equally important role in the control of cellular adhesion and function. Further, introducing disorder and/or increasing the interpit spacing is suggested to facilitate focal adhesion formation which would then positively affect the process of cellular spreading.[@CIT0065] Notably, similar optimal spacing values were found to apply to integrin-specific ligand nanopatterns.[@CIT0066] Translated to our study, as our wall thicknesses are \~43 nm, we expect integrin clustering, and thus focal adhesion formation, to occur readily on NT1 and NT2. However, as the intratube diameter on NT3 exceeds 70 nm (\~92 nm), coupled with the thinnest walls (\~29 nm), thus the lowest interpit area among the single-level architectures, and so we expect it to show the most detrimental effects on cell adhesion and spreading. In the case of the HC architecture, the available surface for FA establishment may be regarded as the sum between the walls of the L-HC layer and those pertaining to the s-HC arrays.

The morphological characterization of anodized surfaces was completed by assessing the eccentricity of nanotubes ([Figure 1F](#F0001){ref-type="fig"}), a parameter that assesses circular morphology which has often been overlooked in the study of cell-nanotube interactions. Differences between conditions were confirmed by the nonparametric Kruskal--Wallis ANOVA test, due to the lack of normality in the data. For all NT surfaces, the nanotubes lumen displayed an elliptical outline (i.e., *e*\>0) and was more marked in the NT3 surface. Conversely, the morphology closest to a perfect circle was displayed by NT2 substrate and L-HC domains. Notably, the s-HC condition showed the highest eccentricity, 30% greater than the one measured on the NT2 surface.

### Additional HC Nanotube Characteristics {#S0003-S2001-S3003}

Given the 3D nature of the HC architecture, AFM analysis was necessary to determine the height difference between the outmost surface of the inner s-HC tubes and the outer surface of the L-HC domains ([Figure 1G](#F0001){ref-type="fig"}). This revealed a vertical step height difference (Δh~HC~) of \~31 nm ([Figure 1H](#F0001){ref-type="fig"}), crucial to the interpretation of our cellular results. In this context, it was shown that cells (C2C12 myoblasts) can sense, through integrins, adhesion proteins immobilized down to 100-nm-deep nanopits.[@CIT0067] Considering the smaller vertical gap, we could thus expect that cells will be able to simultaneously sense both the L-HC and s-HC, thereby experiencing unique integrated cueing made possible by such two-tiered nanoarchitecture. Of note, depending on the point of reference, the L-HC array could be seen either as a planar surface characterized by arrays of \~30-nm-deep pits (point of reference: the outer surface of the L-HC) or as an array of \~30-nm-high protrusions overlaying the s-HC layer (point of reference: the s-HC layer). In this context, a review by Biggs et al. analyzed previous literature on cellular interactions with arrays and nanopits and nanoprotrusions, concluding that:[@CIT0065] (i) pit diameters greater than 70 nm perturb integrin clustering only when the z dimensions of the pits exceed ∼100 nm, (ii) cellular adhesion is decreased on structures measuring ∼70--100 nm in height and (iii) nanoprotrusion heights lower than 70 nm are insufficient to disrupt integrin formation and reinforcement (and, as a matter of fact, nanofeatures lower than 50 nm are comparable to planar substrates in terms of FA formation). Taken together, we can thus infer that, in either case, the vertical dimension of the L-HC layer is not expected to have any direct effect on FA clustering and, in turn, on the subsequent cellular spreading on the HC architecture.

### Spatial Analyses (Experimental) {#S0003-S2001-S3004}

After morphological characterization, we closed in on the spatial statistics in order to obtain information about the geometrical arrangement and spatial proximity between nanotubes. To this end, we first considered the nearest neighbour distance (NND) and assessed the average distance between the centroid individual nanotubes and that of their closest neighbours. This parameter complements the morphological description of nanotubular structures, and it results from the combination of the spatial distribution of the nucleation sites created during the first anodization step, the nanotube diameter and wall thickness. [Figure 2A](#F0002){ref-type="fig"} displays the NNDs for all conditions, showing the HC structure simultaneously comprises the smallest (s-HC array) and highest (L-HC array) NNDs. Notably, distances increased according to the diameter (e.g., NND~NT1~=65 nm, NND~NT3~=110 nm), which is consistent with the growth mechanism by which, as the nanotubes become larger, the centroids will diverge. We expanded our analysis to spatial statistics by generating Voronoi tessellations from the centroids of respective tubes, which allowed the subsequent assessment of surface entropy. Specifically, the Voronoi entropy was the lowest for the NT3 surface, indicating a more ordered arrangement when compared to the other NT conditions ([Figure 2B](#F0002){ref-type="fig"}); consistent with more marked constraining effects dictated by the larger size which limit their freedom to rearrange. In addition, the HC architecture displayed the highest values for the s-HC domains, denoting the smallest degree of order among all conditions analyzed. Such nanoscale semi-order is partly dictated by the spatial configuration of the initial nucleation sites created during the first anodization step, which affects the subsequent formation and growth of the nanotubes during the second step.[@CIT0037]--[@CIT0039] In addition, the degree of order intertwines with other morphological variables such as nanotube diameter, wall thickness, eccentricity and NND. A 2-way relationship between the degree of order and the morphological parameters can, in fact, be observed ([Figure 2C](#F0004){ref-type="fig"}).

### Spatial Analyses (Simulations) {#S0003-S2001-S3005}

To demonstrate this hypothesis, we simulated nanotubular patterns with variable degrees of order which were subjected to the same Voronoi tessellation methods and analyses applied to the experimental surfaces. Our intention was to identify the individual and combinatory effects of these parameters, namely diameter and eccentricity, with respect to the resultant entropy which would then be drawn on to explain the experimental cellular response. As expected, our simulations demonstrated that the entropy increases as the variability of the diameter and/or of the eccentricity of elliptical nanotube-like features increase ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0004){ref-type="fig"}), establishing a theoretical foundation to explain the observed relationship between nanotubular morphology and disorder. Examples of Voronoi tessellations from the simulated conditions are shown in [Figure 2F](#F0004){ref-type="fig"}. While these simulations spanned across a large range of variability (10--90% for diameter, 0--0.9 for eccentricity), the variations of these parameters were relatively confined with respect to our experimental data (10--20% for diameter, 0.4--0.6 for eccentricity), and are identified as the yellow fields within [Figures 2D](#F0002){ref-type="fig"} and [E](#F0004){ref-type="fig"}. It can be seen that within these intervals, the entropy values are lower than those quantified experimentally ([Figure 2C](#F0002){ref-type="fig"}). This is likely due to the fact that on NT and HC surfaces, the individual contributions of variations in diameter and eccentricity are compounded. To quantitatively demonstrate this aspect, we simulated the combined effects of variations in diameter and eccentricity within the ranges set out by our experimental data ([Figure 2G](#F0002){ref-type="fig"}--[H](#F0004){ref-type="fig"}). Our results show that while variations in diameter do not significantly affect the entropy, even small variations in eccentricity (i.e., 0.4--0.6) cause drastic changes in entropy. This finding cements the importance of including tubular eccentricity as a major contributor to the overall degree of order in the characterization of nanotubular arrays.

### Analysis of the HC Nanoarchitecture {#S0003-S2001-S3006}

Notably, the higher disorder determined for the s-HC nanotubes may also derive from the clustering dictated by (*i*) the relative spatial arrangement of smaller tubes and/or (*ii*) the spatial constraints exerted by the larger L-HC domains. Computational simulations show in fact that by (*i*) decreasing the relative distance among s-HC tubes and/or (*ii*) increasing the confinement action by expanding the spacing of the L-HC domains, while keeping the arrangement of the s-HC tube constant, the entropy increases ([Figure 3](#F0003){ref-type="fig"}). It can thus be postulated that by rationally modulating the voltage of the two anodization steps, the spatial arrangement of the nucleation sites and/or the wall thickness of the L-HC domains could be controlled, thereby offering a strategy to design the degree of disorder of the s-HC clusters and thus a way to optimize direct surface cueing on adhering cells.

### Analysis of the TiO~2~ Layer {#S0003-S2001-S3007}

In addition to morphological analysis and spatial statistics, we applied Raman spectroscopy to assess the crystallinity of the nanotubular layers, a physical characteristic that plays an equally important role in controlling the response of adhering cells.[@CIT0068],[@CIT0069] Although anodization is expected to produce mostly amorphous TiO~2~ without post-annealing treatment, modification of time and water content in the electrolyte solution can nonetheless induce phase transformation to crystalline forms of titania (i.e., anatase, rutile).[@CIT0070] As the crystal structure of the oxide layer has been shown to exert direct effects on cellular activity,[@CIT0068],[@CIT0069] the degree of crystallinity of the nanotubular layer should be routinely assessed to standardize the evaluation of nanotube-controlled cellular events.[@CIT0071] In this context, all surfaces investigated in this study displayed the distinctive spectrum of amorphous titania ([Figure 4A](#F0004){ref-type="fig"}), characterized by a broad band and by the absence of sharp peaks associated with the two crystalline phases (i.e., anatase and rutile).[@CIT0072] This confirms that anodization did not alter the amorphous nature of the native TiO~2~ layer.Figure 2Spatial statistics analysis of nanotubular surfaces. (**A**) Experimental nearest neighbour distance (NND) and (**B**) Experimental Voronoi entropy. (**C**) Summary table of experimental data, showing (*i*) mean values of morphological parameters and (*ii*) ranking-based shading to visually compare properties across the different conditions tested. 20%, 40%, 60%, 80% and 100% shading were used to rank morphological properties in ascending order based on their numerical values. Simulated effects of variations in (**D**) diameter and (**E**) eccentricity on entropy. (**F**) Examples of Voronoi tessellation on simulated ordered, semi-ordered and random patterns with entropy (*S~v~*)  equal to 0, 0.74 and 1.46, respectively. (**G-H**) Simulated combined effects of diameter and eccentricity deviation. Statistical significance was defined as \*=P\<0.05, \*\*=P\<0.01 and \*\*\*=P\<0.001.

Lastly, contact angle measurements assessed the wettability of surfaces ([Figure 4B](#F0004){ref-type="fig"}). Our data indicate that the contact angle decreased as the diameter of the NT substrates increased. Interestingly, the HC architecture displayed a contact angle value similar to that of the NT1 surface, suggesting that wettability is controlled by the s-HC layer given the similarities between these two conditions.

Cellular Results {#S0003-S2002}
----------------

### Proliferation {#S0003-S2002-S3001}

We successively evaluated the hMSC cell number at two different intervals to investigate topography-dependent effects on differential cellular proliferation. [Figure 5A](#F0005){ref-type="fig"} displays the cell number at 1 and 2 days of a culture determined by quantifying the number of DAPI-stained nuclei on each surface. At 24 h, NT surfaces displayed differences in cell counts, indicating a substrate-induced effect on cell growth exerted by nanotubes as reported in previous studies. In our case, the stark similarity between entropy ([Figure 2B](#F0002){ref-type="fig"}), the 24 h proliferation data ([Figure 5A](#F0005){ref-type="fig"}) and, as a matter of fact, early cell spreading data within the first 6 h ([Figure 6A](#F0006){ref-type="fig"}), suggests that the degree of disorder may play a key role at short intervals. At 48 h, while cell count was statistically similar on the three NT surfaces, the HC architecture promoted cell growth, suggesting synergistic compounded effects since cells behave differently than on the respective nanotubular component counterparts (i.e., namely NT1 and NT3). Notably, we can ascribe the variations in CPI, especially significant for the NT1 and HC conditions, to their size distribution. Previous work has in fact shown that in the 15--20 nm diameter range, variations as small as 5 nm can yield a reduction of about 33% in cell proliferation.[@CIT0024] In our case, NT1 and s-HC nanotube diameter varied within such a critical interval (i.e., from 17 nm to 25 nm) ([Figure 1D](#F0001){ref-type="fig"}) a factor that may have caused cells to experience compounded differential cueing resulting in a less homogenous overall behaviour. In addition, the NT3 substrate exhibited the lowest NSI ([Figure 5B](#F0005){ref-type="fig"}--[C](#F0006){ref-type="fig"}), thereby indicating a more marked nuclear deformation. This is most likely a result of cytoskeletal disorganization leading to the loss of structural integrity.[@CIT0073] On NT3, cells may be in fact unable to generate large/reinforced focal adhesions leading to a more disorganized actin cytoskeleton which, in turn, hinders its ability to resist deformation from both internal and external forces.

### Morphology {#S0003-S2002-S3002}

We successively closed in on substrate-induced variations in cell morphology observed in immunofluorescence microscopy by quantifying cellular area, eccentricity, form factor (i.e., cellular shape) and protrusive index ([Figure 6A](#F0006){ref-type="fig"}--[D](#F0007){ref-type="fig"}). At 6 h, cells on the HC architecture displayed a marked spreading compared to those on NT substrates. In addition, eccentricity and reduced form factor similarly characterized cells adhering to NT1 and HC substrates. However, the HC elicited a significantly more protrusive morphology (P\<0.01). This suggests that while cells on the NT1 and HC surfaces display a more advanced spreading stage with respect to NT2 and NT3, characterized by the more elongated and protrusive cellular morphology, the HC architecture yielded greater cell spreading and abundance/length of protrusions. At 24 h, cells on the NT1 and HC surfaces displayed the highest cell area, indicating comparable cueing most likely due to the similarity between the NT1 and the s-HC nanotubes. At this interval, increasing the NT diameter yielded a reduction in the cell area, as previously reported for MC3T3 osteoblastic cells.[@CIT0049] The same trend was also observed for the eccentricity: the HC showed the highest value, which gradually decreased from NT1 to NT3 surface ([Figure 6B](#F0006){ref-type="fig"}). The opposite tendency was observed for the CSI ([Figure 6C](#F0006){ref-type="fig"}). At this time point, NT1 is the condition that elicits the most protrusive morphology (\~0.485), followed by HC/NT2 (\~0.525), suggesting that cells on the HC substrate are more spread and into migratory behaviour. At 48 h, the trend observed in the cell area at one day was consolidated. However, the following changes occurred: (i) eccentricity of cells on NT1 matched that on HC substrates, (ii) cells on NT2 substrates showed the smallest relative value and (iii) a reversed trend in the form factor was found for the HC substrates. In addition, cells on the HC/NT1 surfaces display the most protrusive morphology, with the lowest protrusion index of any timepoint (\~0.425). These morphological results can be summarized as follows: (i) cells on NT1/HC surfaces exhibit the highest spreading, in terms of cell area, when compared to the other conditions; (ii) while cells on NT1 maintain a protrusive morphology, cells on the HC surface appear to advance from protrusive (6 h) to elongated (24 h) and multipolar (48 h) morphology as evidenced by considering the combined changes in eccentricity, form factor and protrusive index; (iii) cells on the NT3 surface (i.e., condition with the largest diameter and lowest entropy) exhibit the smallest surface area and a spherical morphology; (iv) cells on NT2 display intermediate features between such extremes. Taken together, our findings confirm the beneficial effects of topographies characterized by a combination of smaller diameters and higher entropy while demonstrating enhanced effects by the HC. This result is most likely associated with the greater disorder deriving from the higher eccentricity and clustering of the s-HC tubes, given that the L-HC array is not believed to exert direct cueing on FA clustering and cellular spreading because of its shallow nature. However, it may contribute to providing an extended surface for the establishment of FAs which makes up for the narrow wall thickness of the s-HC layer.

### Focal Adhesions {#S0003-S2002-S3003}

To link the morphological analyses to the intracellular response, we focused on focal adhesions (FAs), the multimeric clusters of adhesion molecules which are crucial assemblies in mechanobiology that link components of the extracellular matrix (ECM) to intracellular structures (i.e., cytoskeletal elements).[@CIT0074] Importance of proper FA development and functioning of its constituents (e.g., focal adhesion kinase \[FAK\]) have been linked to several critical cell processes including migration, cell cycle progression and stem cell differentiation.[@CIT0075],[@CIT0076] Subsequently, FAs are able to be used as direct and indirect indicators of cell-substrate interaction and so a concerted effort has been seen in the analyses of these structures with static (e.g., size) and dynamic (e.g., turnover kinetics) measures.[@CIT0077]--[@CIT0079] Of note, FA size have been indicated in key cell attributes including the prediction of cell migration,[@CIT0080] mechanoresponse,[@CIT0081] and stem cell biology.[@CIT0075],[@CIT0077] In this context, we measured the major axis length of the FAs at 24 h using immunofluorescent labelling of Vinculin ([Figure 6F](#F0006){ref-type="fig"}) -- one member of the multimeric complex that has even distribution across the FA[@CIT0082] and acts as a key regulator of FA development as an adaptor protein to Talin and Actin.[@CIT0083],[@CIT0084] To this end, size distributions were determined ([Figure 6E](#F0006){ref-type="fig"}) and, in a similar fashion to nanotube morphological distributions, comparisons were completed using the K-S statistical test. hMSCs seeded on NT2 ($\documentclass[12pt]{minimal}
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\end{document}$=4.63 μm, P\<0.05) than those on the NT1 surface. Although the inter-tube spacing of the former (\~25 nm) is below the optimal range for the establishment of FAs, this interesting finding may be explained by postulating a beneficial contribution of the additional surface provided by the enveloping L-HC layer (\~33 nm), which would thus add extra area for the formation of FAs.

### Osterix (OSX) {#S0003-S2002-S3004}

In addition to the effects on cell adhesion and proliferation, surface nanotopography is known for its ability to affect the differentiation of multipotent stem cells towards a specific fate.[@CIT0014],[@CIT0086],[@CIT0087] Topographical modification of titanium has shown to be effective in lineage guidance,[@CIT0088]--[@CIT0091] with TiO~2~ nanotubes being capable of promoting variant strengths of osteogenic differentiation as a function of key physical properties of the tubular structures (e.g., diameter, length).[@CIT0024],[@CIT0025],[@CIT0030],[@CIT0032] In this context, we investigated the osteoinductive capabilities of nanotubular architectures through the identification and distribution of the zinc-finger-containing Osterix/Sp7 (OSX) protein.[@CIT0092] Regulation of the OSX gene by the osteoblastic RUNX2 transcription factor,[@CIT0093] coupled with its control of downstream osteoblastic genes (e.g., Osteocalcin, Type I Collagen),[@CIT0092] affirms its importance for the commitment of preosteoblastic cells toward mature osteoblasts. Specifically, the nuclear localization of OSX is an indication of the commitment to the osteogenic lineage.[@CIT0092],[@CIT0094] Using a fluorescent reporter for OSX (λ~em~=665 nm), and without the use of differentiation media, we were able to detect the presence and localization of the OSX signal to the nuclear region as identified by a DAPI counterstain (λ~em~=461 nm), shown in [Figure 7](#F0007){ref-type="fig"}. The confirmation of the osteoblastic commitment reaffirms that surface-driven osteogenic induction is taking place on all surfaces and thereby sets the groundwork for subsequent analyses (i.e., Raman) that asses the quality of the bone that is deposited by cells on their respective conditions.

Mineral Analysis {#S0003-S2003}
----------------

To complete our analysis of hMSC response to nanotubular surfaces, we analyzed the properties of mineral nodules deposited in situ at 28 days of culture without the use of differentiation media by analyzing their Raman signature ([Figure 8A](#F0008){ref-type="fig"}) using four parameters were assessed as a way to gain insight into specific substrate-induced variations of bone quality.[@CIT0055] The first parameter we considered was the mineral-to-matrix ratio ([Figure 8B](#F0008){ref-type="fig"}), which normalizes the amount of bone against the quantity of collagen, and has been shown to increase with bone tissue age.[@CIT0054],[@CIT0055] In our case, the mineral nodules deposited on the HC architecture showed the highest ratio with a marked difference with the NT1, while NT2 and NT3 did not show any statistical distinction between them. We successively assessed the carbonate-to-phosphate ratio ([Figure 8C](#F0008){ref-type="fig"}), which is indicative of regularly occurring carbonate substitutions in hydroxyapatite, a phenomenon was shown to increase with tissue age and to depend on the bone architecture and mineral crystallinity.[@CIT0054],[@CIT0055] In these cases, the variability for the HC surface is greater than that for the other conditions, and this may be either due to chemical inhomogeneities and/or to the fact that the carbonate band partially overlaps another phosphate band at \~1076 cm^−1^, thereby reducing measurement precision especially for apatites with minimal carbonate content.[@CIT0054],[@CIT0055] Considering that significant differences were nonetheless detected between nodules deposited on the HC substrates and those on the NT1 surface, and between nodules on NT3 surface and those on the NT1 substrate, by taking into context the mineral-to-matrix and phosphate-to-mineral ratios, we can conclude that among the conditions investigated, more advanced mineralization was found on the HC and NT3 substrates. The third parameter analyzed was the position of the *v*~1~PO~4~^3-^ band within the 955--962 cm^−1^ range. Previous work has demonstrated that the transition of the peak position from lower to higher wavenumbers, and a band shape change from a broad to narrow, are associated with the transformation of disordered amorphous calcium phosphate (ACP, 950 cm^−1^) to mature crystalline hydroxyapatite (HAP, 960--962 cm^−1^).[@CIT0062],[@CIT0095] Raman data from all surfaces exhibit peaks in the neighbourhood of 958 cm^−1^ ([Figure 8D](#F0008){ref-type="fig"}), indicating that the minerals are mainly composed of transformed HAP, with potential inclusions of its transitional intermediates (e.g., octacalciumphosphate \[OCP\])[@CIT0061] in those conditions that exhibited the highest shift. In particular, nodules on NT1 and HC surfaces presented with a statistically similar peak position indicating a greater shared predominance of crystalline HAP when compared to the red-shifted bands exhibited on NT2 and NT3. Lastly, we assessed the inverse of full-width-at-half-maximum (1/FWHM) of the *v*~1~PO~4~^3-^ band ([Figure 8E](#F0008){ref-type="fig"}) as a measure of crystallinity and crystalline homogeneity. The transition from disordered ACP to ordered HAP is observed with increased crystallite *c-*axis length and improvement in the stoichiometric organization of the crystal lattice.[@CIT0054],[@CIT0096] Subsequently, reduction in short-range disorder and progressive homogeneity of the mineral constituents have shown to result in a narrowing of the bandwidth,[@CIT0060] as observed for the HC architecture with respect to the NT conditions. Taken together, our Raman results show that the HC architecture induces more advanced mineralization of crystalline hydroxyapatite nodules when compared to the other conditions. Notably, the mineralization in the crystalline hydroxyapatite nodules on NT1 lags behind. Conversely, the hydroxyapatite on the NT3 surface is characterized by a degree of mineralization comparable to that of the HC substrate, but with a significantly lower degree of crystallinity and/or crystalline homogeneity. In this context, the correlation between early morphological signatures, namely MSC cell number and cell area at short intervals, with osteogenesis assessment was previously demonstrated, highlighting the power of immunofluorescence imaging to predict long-term mineralization.[@CIT0097] It was shown that cell morphology, in particular, cell area, after 3 days was highly correlated with 35-day mineralization.[@CIT0097] We can thus infer that the greater cell areas determined on the NT1 and HC surfaces at 48 h may be responsible for the faster formation of crystalline HPA, with a more advanced maturation stage (in terms of crystalline homogeneity) for the latter. On the other hand, previous work has also reported that osteoblasts cultured on 100 nm diameter nanotubes experience increased nuclear elongation, a factor which was associated with increased alkaline phosphatase (ALP) and osteocalcin expression, as well as greater bone-forming ability in vivo,[@CIT0049] and that, in part, could further explain the results obtained for the NT3 surface.Figure 3Simulated effects of domain spacing on entropy. (**A**) The setup is followed by simulation results from (**B**) tightening of small domain spacing and (**C**) expansion of large domain spacing.Figure 4(**A**) Representative Raman spectrum on nanotubular architectures and Raman peak assignment. (**B**) Contact angle values.Figure 5(**A**) Cell proliferation index \[CPI\] of hMSCs on nanotubular surfaces at 24 h and 48 h. (**B**) Nuclear shape index \[NSI\] at 24 h and (**C**) representative images of hMSC nuclei at 24 h. Statistical significance was defined as \*=P\<0.05, \*\*=P\<0.01 and \*\*\*=P\<0.001.Figure 6Morphological characterization of hMSCs including (**A**) cell area index, (**B**) eccentricity, (**C**) cell shape index and (**D**) protrusion index at 6 hrs, 24 hrs and 48 hrs. (**E**) Distribution of focal adhesion length with respect to relative proportion. Cells on the NT3 surface have the lowest proportion of FAs above 11 μm in length. (**F**) representative fluorescence images. Statistical significance was defined as \*=P\<0.05, \*\*=P\<0.01, \*\*\*=P\<0.001 and n.s.=non-significant.Figure 7Signalling of osteogenic differentiation through nuclear localization of Osterix (OSX/Sp7) at 7 days. Each set of 4 panels presents cell body, 2D-position and intensity profile of the nucleus (DAPI) and OSX signal for hMSCs on (**A-D**) NT1, (**E**-**H**) NT2, (**I**-**L**) NT3 and (**M**-**P**) HC surfaces.Figure 8(**A**) Representative Raman spectrum acquired on deposited bone mineral after 28 days of culture. Quantification of physicochemical parameters on nodules deposited on NT1 (n=5), NT2 (n=10), NT3 (n=6) and HC (n=12) surfaces. Mean values with bars representing 95% CI for the (**B**) Mineral-to-matrix ratio, (**C**) Carbonate-to-phosphate ratio, (**D**) Peak position and (**E**) 1/FWHM of the phosphate (PO~4~^3-^) ν1 band. Statistical significance was defined as \*=P\<0.05, \*\*=P\<0.01 and \*\*\*=P\<0.001.

Conclusion {#S0004}
==========

In this work, we created differentially sized nanotubular patterns (NTs) through the rational modulation of the experimental parameters, which also permitted us to create a two-tiered nanotubular architecture (HC). Through the characterization of the complex nanotopographical environment of these surfaces, we delineated important new connections between nanotubes and stem cell response (including proliferation, morphology and deposition of bone mineral). Ultimately, results from this work strengthen the role of direct physicochemical cueing to unlock the potential to affect healing and controlling stem cell fate, paving the way to combine both physical and chemical cues in a synergistic manner for drastically improved, efficient and effective biological outcomes of implantable materials. In this context, despite the advances made possible by the development of new technologies, the progress of nanoarchitectures for biomedical applications is still restricted by the technical capability of design and fabrication methods, often inadequate to rapidly replicate micro- and nano-scale patterns on relatively large surface areas of medically relevant materials for high-throughput manufacturing.[@CIT0098] While anodization confers the flexibility of controlling the diameter, we have demonstrated that other morphological parameters are equally important, in particular, the degree of order. The creation of the HC nanoarchitecture could thus become a strategy to vary the order of nanotube arrays without changing their diameter, thereby becoming allowing one extra level of synergistic control of the resulting nanotopography.
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